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Effects of native defects on the structural and magnetic properties of hematite «-Fe, 03
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Antiferromagnetic and ferromagnetic configurations of hematite o-Fe,O; structures have been investigated by
first-principles methods, which have been used to theoretically analyze the local structural and magnetic effects
due to the presence of interstitial atoms such as hydrogen and oxygen. This study is based on the projector-
augmented wave method within the local spin density approximation (LSDA) in addition to an on-site Coulomb
correction of the Fe d orbitals (i.e., the LSDA + USI® method). The results demonstrate that this correction
potential is important in achieving an accurate description of both the structural and the magnetic properties
of a-Fe,0s. The ground state of «-Fe,O; is the antiferromagnetic phase. The presence of oxygen vacancies,
interstitial oxygen, and an interstitial hydrogen decreases the local Fe magnetic moment | M (Fe)| in both the ferro-
and antiferromagnetic phases, although the hydrogen has a rather modest effect. The density of states calculations
demonstrate that the presence of interstitial atoms and defects yields a small reduction in the material’s electronic

gap.
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I. INTRODUCTION

The hematite o-Fe,O3 compound'? is one of the most
common iron oxides and is an important resource for the
steel and electronics industry. The material has intriguing
characteristics and has therefore been suggested for use in
many types of technologies, such as magnetic and electronic
devices,? sensor devices,* batteries,® hydrogen production,7
photoelectrochemical applications,® and nanotechnology
applications.'®"!> This broad range of applications has mo-
tivated investigations to understand the fundamental material
properties.'>!* At ambient conditions, hematite crystallizes
in the rhombohedral R3¢ structure. The oxide exhibits an
antiferromagnetic (AFM) behavior below T, = 955 K (Ref. 15)
but is weakly ferromagnetic (FM) at room temperature.'¢
The material normally exhibits n-type semiconductor char-
acteristics with a band gap of 1.6-2.2 eV.'%!"-1° However,
the presence of interstitial atoms or vacancies can modify
the electronic and optical properties and its semiconductor
characteristics to p type. Some experimental works, such
as Santilli et al.,’® have suggested that the a-Fe,O3 p-type
conductivity is only possible because of the presence of
impurities. This proposal indicates that this material is affected
by its stoichiometry, which is strongly dependent on its growth
conditions. This phenomenon has been demonstrated, for in-
stance, through scanning tunneling microscopy and low energy
diffraction studies,”! which also proved that structures such
as FeO(111) can coexist with a-Fe,03(0001). A theoretical
study of a-Fe,O3 by Rollmann er al.?* revealed a crystalline
structure consistent with the experimental results,?>?* and the
calculations demonstrated that the insulating characteristic of
this material is strongly dependent on the unit-cell volume due
to a strong interaction between the Fe 3d and O 2p orbitals.

In this work, a first-principles theoretical study of AFM and
FM configurations of bulk intrinsic «-Fe,O3; and compounds
with high concentrations of native defects such as oxygen
vacancies, oxygen interstitials, and hydrogen interstitials
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is presented. The crystalline structure, the atomic-resolved
density-of-states (DOS) and magnetic properties of these
structures are presented. To study these materials, the local
spin density approximation (LSDA) with the on-site Coulomb
correction of the Fe d orbitals according to the LSDA + USIC
method was employed. Early LSDA studies>*?° of intrinsic
a-Fe;03 in the AFM ground state revealed energy gaps in the
electron DOS of each spin channel while providing evidence
of a zero-gap compound for the total spin-independent DOS.
A recent calculation®? based on the gradient corrections in
the exchange-correlation functional in combination with a
Coulomb correction increased the energy gaps and improved
the local magnetic moment. In general, the calculations
presented here agree with the earlier calculations. The intrinsic
«-Fe, 03 is also demonstrated to become an AFM insulator
when the LSDA + US'® method is considered. This result
is explained by the better localization of the lower Fe d
states in the LSDA 4 US'C approach. Compared with the
regular LSDA calculations, the localization of the d state
LSDA + US'C implies a slightly small unit-cell volume and
a 25% increased local magnetic field for the most stable
AFM phase, which is important to consider when investigating
the native defects in the compound. Using the LSDA + US'¢
approach, the oxygen vacancies were observed to have a local
effect on the DOS due to the electron doping; the oxygen
and hydrogen interstitials influence the band gap of the AFM
structures.

II. COMPUTATIONAL METHOD

The ground-state crystalline phase of the «-Fe,O; com-
pound is the rhombohedral crystalline structure R3c (space
group no. 167), which can also be described using a hexagonal
coordinate system. In this work, the hexagonal structure with
six (Fe,O3) formula units was selected, thus implying 30 atoms
per unit cell (Fig. 1). The crystal is defined by positioning a Fe
atom at the Wyckoff 12¢ sites with the principal coordinates
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FIG. 1. (Color online) Relaxed crystalline structures of hematite
a-Fe,0; in the hexagonal coordinate system. (a) Intrinsic «-Fe,0s,
where the arrows indicate the spin configuration of the AFM-II phase.
The considered native defects are (b) oxygen vacancy Vp, (c) oxygen
interstitial O; (black atom), and (d) hydrogen interstitial H; (gray
atom). The additional dashed box in (b) indicates the position of the
second Vg.

(x,y,2) = (0,0, z(Fe) & 1/3) and an O atom at the Wyckoff
18e sites with (x, y, z) = (x(0) =~ 1/3, 0,1/4) in units of the
hexagonal lattice vectors.

The compounds were analyzed using a projector-
augmented wave method and the Kohn-Sham single-electron
equation within the density functional theory (DFT).?’?8
To correct the LSDA exchange-correlation interaction, the
LSDA + USC method with an rotationally invariant self-
interaction-like correction Coulomb potential was selected.?’
This on-site orbital-dependent correction potential is spatially
more localized and more anisotropic, which is important for
better describing d states.’® In accordance with Refs. 22,31,
and 32, an effective Coulomb U; =U — J =4 eV on the
Fe d orbitals was employed. To analyze the effect of the
localization effect of the Fe d states, a comparison between
the LSDA + US'C results and the corresponding LSDA calcu-
lations was performed.

The effective interaction potentials within the LSDA and
the LSDA + USI® approaches are obtained self-consistently
with the energy cut-off of 400 eV. The cell volume and atom
positions were optimized using a sequential approach, where
the lattice constants were relaxed to a total energy accuracy
of 0.001 eV and the atom positions were relaxed using the
quasi-Newton algorithm of forces to an accuracy of 0.01 eV/A
on each atom. The total energy E,, the atomic-resolved,
spin-dependent DOS, and the local magnetic moments were
obtained using the Gaussian k-space integration, which in-
volved a smearing of 0 = 0.05 eV and an 18 x 18 x 14
Monkhorst-Pack k-mesh that implies 1197 k-points in the
irreducible part of the Brillouin zone. The muffin-tin radii
were Ryt = 1.50 A and 0.82 A for Fe and O, respectively.

The analyses of high concentrations of native defects
in the a-Fe,03 compounds were performed with the small
cells (30 atoms) involving high spatial symmetry of the
defect sublattices but also with supercells constructed with
3 x 3 x 1 (270 atoms) cells. The k-meshes for the supercells
were 3 x 3 x 3. The formation energy of the native hydrogen
interstitial was calculated from A Hy(a-Fe,O3:H;) = E;(a-
Fe;03:H;) — E;(a-Fe;03) — nu(Hy)/2 using the large super-
cells, where the chemical potential ;(H;) was estimated using
the energy calculation of the H, molecule; a corresponding
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model was used for the native oxygen defects and oxygen
vacancies with the respective adjustments.

III. RESULTS

The crystalline structure of «-Fe,Os is presented in Fig. 1.
Within the R3c space group symmetry, each of the 12
equivalent iron atoms (Fe) has octahedral site symmetry with
six surrounding oxygen atoms (O). An ideal structure can thus
have six equivalent Fe—O bonds; however, in the true «-Fe, O3
structure, there are two types of Fe—O bonds: three bonds
with short bond lengths 8(Fe—OW) ~ 1.8 A and three with
8(Fe-0@) ~ 2.0 A. One can also characterize the local iron
environment from the distance between the iron atoms, where
Fe') and the Fe® represent the iron atoms along the ¢ axis with
the shortest and longest distances between them (Fig. 1). Each
Fe has two neighboring Fe atoms with §(Fe-Fe(") ~ 2.8 A
and four neighboring Fe atoms with §(Fe—Fe®) ~ 3.9 A.

While the FM phase is trivial, the AFM phase of o-
Fe,O3 can exist in three different magnetic configurations.
These magnetic configurations for the AFM phases lower
the crystalline symmetry. The AFM-I phase has alternated
spin-up and spin-down layers along the hexagonal ¢ axis.
The AFM-II phase [shown in Fig. 1(a)] has opposite spins
between the shortest Fe—Fe distances along the hexagonal
c axis and the same spin orientation between the longest
Fe-Fe distances. Finally, the AFM-III phase has opposite
spins between the longest Fe—Fe distances along the hexagonal
¢ axis and the same spin orientation between the shortest
Fe—Fe distances. The positions of the native defects (discussed
in Secs. [l B-IIID) are also indicated in Figs. 1(b), 1(c),
and 1(d).

A. Intrinsic a-Fe, 03

The optimization of the intrinsic o-Fe,O3 with the four
different magnetic configurations (Table I) demonstrates that
all the phases have a rather similar cell volume. As expected,
due to the differences in their electronic configuration, all the
AFM structures described a cell volume that was slightly
smaller than the FM structure. Moreover, the space group
symmetry is lowered in the AFM phases by the magnetic
configuration. The AFM-II phase with opposite spins of Fe
atoms with short bonds is the most stable structure, and this
phase also has the smallest cell volume. The volume of the
FM phase is comparable to that of the AFM-III phase with
a larger lattice constant a and a small cell height (defined by
¢) compared with the other two AFM phases. The AFM-II
phase is the most stable magnetic configuration while also
having the smallest volume. These calculations are in very
good agreement with the experimental crystalline structure,
although the theoretical lattice constant is underestimated,
which is a normal effect in both LSDA and LSDA + US'C.
The ionic positions and bonds are very similar. The principal
coordinates (x, y, z) are (0, 0, 0.353) for the 12¢ Fe site
and (0.305, 0, 1/4) for the 8e O site; these coordinates are
(0, 0, 0.354) and (0.306, 0, 1/4) for the AFM-II phase.
The FM configuration tends to generate shorter interatomic
distances between the iron atoms, with §(Fe—Fe) ~ 2.76 A
and 8(Fe-Fe®) ~ 3.90 A. The corresponding distances for
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TABLEI. Structural and magnetic properties of intrinsic a-Fe,0;
obtained from the LSDA 4 US'C calculations with a several-step
optimization scheme of the lattice parameters (a, ¢, and Vp =
a*cy/3/2) and the atom positions [z(Fe) and x(O)] within the
space group of R3c. The total energy difference AE, from the
AFM-II phase is the most stable ground-state configuration with
a zero total magnetic moment M, and a local magnetic moment
of |M(Fe)| = 4.04 ug/Fe. The average bond lengths from Fe to
neighboring O atoms §(Fe—O) and neighboring Fe atoms §(Fe—Fe)
are fairly similar for all four magnetic phases.

a-Fe,0; FM AFM-I AFM-II AFM-III Expt. AFM
a[A] 501 496 492 4.98 5.03
c/a 266 271 273 2.69 2.73
Vo [A3] 290.8 2864 283.1 2873 301.8°
z(Fe) 0353 0352 0354 0353

x(0) 0305 0308 0306  0.301

8(Fe—0M) [A] 193 189 191 1.92 1.99
5(Fe-0) [A] 206 211 206 2.07 2.06°
S(Fe-FeW)[A] 276 282 281 2.78 2.88"
S(Fe-Fe®)[A] 390 390  3.92 3.91 3.98¢
M, [ug/cell] 58.63  0.00  0.00 0.00

|M,(Fe)| [up/Fe] 428 4.13  4.04 4.16 4.64°

AE, [eV/celll 454 207 0 2.66

4Reference 13.
bReference 38.

the AFM-1 and AFM-II configurations are §(Fe-Fe)) ~
2.81 A and §(Fe-Fe”) ~ 3.91 A; thus, the AFM phases
have somewhat more equal distances between the magnetic Fe
atoms. AFM-II has §(Fe—Fe(") bond lengths that are between
those of FM and AFM-II.

From the total energy calculations, the AFM-II phase
was observed to have the most stable ground state. The
energy differences between the AFM-II phase and the FM
and other two AFM phases are significant, although the
local magnetic moments of the Fe atoms are comparable
(|M(Fe)| = 4.04 — 4.28 pug/Fe). This finding is consistent
with earlier theoretical results (Refs. 22,26, and 34), and the
measurements indicate a magnetic moment of 4.64 up/Fe
(Ref. 38). Moreover, the measurements demonstrate AFM
behavior below 955 K (Ref. 15). The total magnetization M
for FM is mainly from the Fe sites (88%), with 12% being from
the interstitial and induced magnetization of the surrounding
oxygen atoms.

The total DOS of the four phases (Fig. 2) predicts that
the FM phase has a zero energy gap. AFM-I, AFM-II, and
the AFM-III phases have an energy gap of 0.8, 1.3, and 0.6,
respectively. Even using similar calculations parameters, this
energy gap is not observed in the DOS from the regular LSDA
calculation [Fig. 3(c)]. With the LSDA + US'C correction, the
calculated energy gap agrees better with the measured values
of 1.6-2.2 eV,'*17-19 although these values are underestimated,
as expected.

Although different calculation methods (Table II) reveal
overall fairly similar results, and all of these methods predict
AFM-II as a stable phase, noticeable differences are apparent
between certain methods. For instance, regular LSDA yields
much stronger AFM-II stability and a smaller cell volume
compared with LSDA + USC and the hybrid functional
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FIG. 2. (Color online) Spin-dependent total DOS of (a) FM,
(b) AFM-1, (c) AFM-II, and (d) AFM-III using the LSDA + US®
method, presented with a 0.1-eV Lorentzian broadening. The energy
refers to the highest populated electron state (indicated by a vertical
dashed line). From the total energy (Table I), AFM-II is the most
stable ground-state configuration.

Becke, 3-parameter, Lee-Yang-Parr (B3LYP). In addition, the
local magnetization appears to be strongly underestimated
in the LSDA: 3.18 ug/Fe compared with 4.28 ug/Fe for
LSDA + US'C and 4.27 pg/Fe for B3LYP. This result was
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FIG. 3. (Color online) Angular-resolved and spin-dependent
DOS of FM «-Fe,0; from the (a) LSDA and (b) LSDA + USI¢
calculations and the corresponding DOS of AFM-II «-Fe,03 from
(c) LSDA and (d) LSDA + US'C, presented with a 0.1-eV Lorentzian
broadening. Fe 3d and O 2p are represented by the blue and red lines,
respectively. The energies refer to the highest populated electron
state. The LSDA + US'C method clearly energetically localizes the
lower Fe 3d states (resulting in a narrower valence band), which also
directly affects the O states. One can observe that LSDA yields a
nearly zero energy gap, whereas the LSDA + USI® method generates
a phase with an overall and spin-independent insulator property for
the AFM-II phase.
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TABLE II. Comparison of our LSDA and LSDA + USI® calculations with earlier published theoretical results (see Refs. 22,26, and 34).
See Table I for definition of the parameters. One can notice the difference between LSDA and the other methods, especially for the FM phase.

This work Ref. 26 Ref. 22 Ref. 34

LSDA+U LSDA LSDA GGA® B3LYP®
«o-Fe, 05 FM AFM-II FM AFM-II FM AFM-II FM AFM-II M AFM-II
a[A] 5.01 4.92 491 4.90 4.77 5.00 5.13 5.08
c/a 2.66 2.73 2.78 2.80 2.80 2.77 2.72 2.74
Vo [A%] 290.8 283.1 285.0 286.8 263.7 300.0 318.0 311.1
|M,(Fe)| [up/Fel 4.28 4.04 3.18 3.00 3.73 3.72 2.6 3.44 4.27 4.16
AE,; [eV/cell] 4.54 0 7.50 0 5.8 0 4.66 0 3.28 0

“Generalized gradient approximation.
"B3LYP is a hybrid functional.

also observed by Rollmann et al.*> Moreover, by comparing
the DOS results (Fig. 3) from the LDA calculations with the
LSDA + USC calculations, one observes that the latter calcu-
lations generate broader valence DOS for both FM and AFM-II
with more localized Fe 3d energy states. Whereas LSDA yields
a metallic FM phase, LSDA + USIC generates an electronic
structure with states at the Fermi energy. Moreover, the
angular-dependent potential within LSDA + US'C increases
the energy gap for the AFM-II phase from approximately
0 eV to 1.3 eV. This result is much more consistent with
the measured gap energy of 1.6-2.2.141719 Thus, the results
demonstrate that the correction potential within LSDA + US'C
is important for achieving accurate structural, electronic, and
magnetic properties of «-Fe,0s.

B. Oxygen vacancy

One may expect that defects close to Fe will change
the population of Fe 3d states and thereby affect the local
magnetization around the atom. With a sufficient number of
defects, the magnetic phase will also be affected. Because
the symmetry of the crystal is lowered by the defects,
the configuration of the lowest ground state may also
change. That is, defect-rich «-Fe, O3 may exhibit FM ground-
state properties in contrast to the intrinsic «-Fe,O3 with

AFM-II phase. Likewise, as discussed in earlier studies, a
high concentration of oxygen vacancies can lead to important
changes in the electronic structures of this material.’>*> In this
work, this hypothesis is investigated by adding one oxygen
vacancy (Vo) in the 30 atom unit cell [see Fig. 1(b)]. A second
vacancy (indicated by the dashed box in the figure) positioned
far away from first vacancy was also included. The presence
of Vo directly changes the Fe-Fe!! and Fe-Fe® distances
next to the vacancy (Table III). These structural changes
resulted in a reduction of the local magnetic moment. Oxygen
vacancies act as donorlike defects that directly decrease the
total magnetization for the Fe-based «-Fe,Os. However, the
effect is weak because the main change in charges occurs
near the Vo site, producing more delocalized defect states.
For the FM phase, the total magnetic moment decreases
from 58.63 up/cell for defect-free «-Fe,O3; to 56.44 and
54.61 pp/cell for a-Fe,03:Vp and «-Fe,03:2V, respectively.
Considering that each Vj is surrounded by four Fe atoms, the
analyses of the local effect on their magnetic moment reveals
that the two Fe atoms with the largest distance §(Fe-O®)
undergo a reduction of 10% in their magnetic moments.
However, the remaining Fe atoms with the shortest distance
8(Fe—O") exhibited a reduction of 3%. This result is expected
because the oxygen removed to produce the vacancy leads
to an electronic charge increase on these Fe atoms. The

TABLE III. Structural and magnetic properties of defect-rich a-Fe,O; for the FM and AFM-II phases. The bond lengths describe the bonds

next to the defect.

a | M (Fe)| S(Fe—O(”) ) (Fe—0<2)) 8(Fe—Fe<’>) 8(Fe—Fe<2>)
[A] c/a [1p/Fe] [A] [A] [A] [A]
FM phase
a-Fe, 05 5.01 2.66 4.28 1.93 2.06 2.76 3.91
a-Fe,05: Vg 5.00 2.69 4.25 1.91 2.06 2.88 3.95
a-Fe,03:2V, 4.97 2.73 4.13 1.91 2.06 2.86 3.97
a-Fe,05:0; 5.07 2.61 4.08 1.96 2.08 2.78 3.83
a-Fe,05:H; 4.96 2.73 4.28 1.92 2.07 2.74 4.17
AFM-II phase

a-Fe, 05 4.92 2.73 4.04 1.91 2.06 2.81 3.92
a-Fe,05: Vg 4.92 2.74 3.95 1.88 2.05 2.90 3.87
a-Fe,03:2V, 4.92 2.73 3.95 1.88 2.06 2.89 3.89
a-Fe,05:0; 4.98 2.71 4.02 1.90 2.10 2.79 4.10
a-Fe,05:H; 492 2.75 4.01 1.90 2.08 2.77 4.16
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FIG. 4. (Color online) Spin-dependent total DOS of the (a) FM
and (b) AFM-II phases of «-Fe, O3 with one oxygen vacancy Vg (blue,
thick line) in the 1 x 1 x 1 crystal cells. This figure demonstrates
that the oxygen vacancy only has a minor effect on the DOS. The
corresponding DOS of the (c) FM and (d) AFM-II phases in the
nine-times-larger cell (i.e., a 3 x 3 x 1 supercell) with low-defect
density (blue line) and high-defect density (dashed red line) of
oxygen vacancies demonstrates that this defect configuration only
has a modest effect on the local DOS using a well-located or
randomly distributed configuration. The DOS is presented in units
of 1/(eV-atom) to scale the DOS using the number of defects.
For comparison, the DOS for intrinsic «-Fe,O; (gray areas) is also
presented, and all the results are presented with a 0.1-eV Lorentzian
broadening. The data is from the LSDA + USIC calculations, and the
energies refer to the highest populated electron state.

DOS of the FM phase has a modest effect on the electronic
structure due to the presence of Vp (Fig. 4). In the AMF-II
phase, however, the defect states appear in the band-gap
region and will thereby diminish the insulating properties.
We also investigated the effects due to the configuration of
the defects. The DOS for «a-Fe;03:Vg in the small crystal
cell (thus, the defect sublattice has high spatial symmetry)
is compared with the corresponding «-Fe,O03:Vo DOS in the
nine-times-larger supercell with a more random distribution
of the nine Vo (Fig. 4). Only a small difference in the DOS
exists between these two vacancy configurations, where, as
expected, the random distribution exhibits a mitigation of the
DOS of the FM and AFM-II phases. In Figs. 4(c) and 4(d), one
can compare the effect of the DOS dispersion for an increased
concentration of defects. The compound with a high density
of oxygen vacancies (i.e., nine randomly distributed Vg in
the supercell; red dashed line) exhibits a somewhat broader
DOS compared with the corresponding compound with a low
density of vacancies (i.e., one Vg in the supercell; blue line).
However, the broadening effect is moderate. Moreover, the
random distribution of vacancies is well mimicked by the small
cell structure with the same density of vacancies.

A special interest is the possibility of converting an AFM
a-Fe, O3 structure to a FM structure due to the high density
of defects. However, a magnetic phase modification was not
observed, even with the presence of two oxygen vacancies.
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TABLE IV. The magnetization and the formation energies AH
of native defects in «-Fe,O; obtained from the LSDA + USIC
calculations with the 3 x 3 x 1 supercell (270 atoms for the defect-
free cell). We present results for low-defect density (one defect per
cell) and high-defect density (nine defects per cell). The values in
brackets indicate the formation energy per defect.

| M (Fe)| [us/Fe] AH; [eV]
Defects FM AFM-II FM AFM-II
a-Fe,03:Vo 4.03 4.03 4.25 4.39
a-Fe,03:9Vg 4.19 3.97 32.25 40.33
(3.58) (4.48)
a-Fe;03:0; 4.26 4.03 2.50 2.52
a-Fe,03:90; 4.06 4.03 12.98 39.04
(1.42) (4.33)
a-Fe,03:H; 4.27 4.03 —0.02 0.66
a-Fe,03:9H; 4.05 4.08 -1.95 14.32
(=0.21) (1.59)

The total energy difference (e.g., Table I) is AE; ~ 3.8 eV for
o-Fe;03:Vg and AE; ~ 3.3 eV for a-Fe,05:2V,. These values
are smaller than the corresponding energy for defect-free «-
Fe, O3 but demonstrate that the AFM-II configuration is still
the most stable structure even in the oxygen-deficient «-Fe, O3
materials. Hence, a strong reconstruction to a high-symmetry
phase is required to achieve the magnetic transition to the FM
phase.

The defect formation energies of Vg in the FM and AMF-II
phases are calculated using the 270-atom supercells to simulate
low and high concentrations of defects. The Vg formation
energies for the most stable phases AFM-II (AH; = 4.39 eV)
and the FM phase (AH; = 4.25 eV) are rather similar,
indicating that the magnetic configuration has less of an effect
on the oxygen defects. Approximately 4 eV was required to
remove one or several oxygen atoms in the material (Table I'V).
The fact that this energy cost does not increase significantly
with respect to already present vacancies is an indication
that oxygen-poor iron oxide phases can be formed. Although
the FM phase is expected to be more significantly affected
by the defects, the magnetization for a high concentration
of randomly distributed defects has a major effect on both
phases.

C. Oxygen interstitial

Oxygen is also known to occupy an interstitial site. From the
270-atom supercells, the defect formation energies of oxygen
on an interstitial site (O;) in the FM and AFM-II phase are 2.50
and 2.52 eV, respectively (Table IV). With high concentrations
of O;, one can expect a significant impact on the crystal
structure and magnetic properties. By adding O; in the hematite
cell [see Fig. 1(c)], where the O; is represented by the black
atom, we observe that the oxygen interstitial in the cell affects
the local magnetization. The crystal symmetry is affected by
the interstitial atom, which promotes a reorganization of the
iron atoms with an increase in the cell volume (Table III). This
process also results in a reduction in its magnetization. For the
nine-times-larger cell, this effect is clarified for a low density
of oxygen interstitials (one O; per supercell), where the FM
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FIG. 5. (Color online) Spin-dependent total DOS of (a) FM and
(b) AFM-II a-Fe,0; with one interstitial O; in the 1 x 1 x 1 crystal
cells. The thin (blue) lines represent a-Fe,05:0;, and the thick (red)
lines and dashed lines indicate the partial DOS of the sole O; atom.
The DOS is presented in units of 1/(eV-atom) to illustrate the DOS
for the sole interstitial atom. (¢) FM and (d) AFM-II DOS of the
a-Fe, 05 nine-times-larger cell (i.e., a 3 x 3 x 1 supercell), with one
(blue line) and nine (dashed red line) interstitial O;. In contrast to the
oxygen vacancy (Fig. 4), the interstitial oxygen reduces the material
energy gap in the well-located interstitial atom structure and in the
randomly distributed structure. The gray areas represent the DOS of
the intrinsic a-Fe, O3 material, and all the results are presented with
a 0.1-eV Lorentzian broadening.

phase magnetization is modestly affected. However, a major
effect on the magnetization is observed when nine oxygen
atoms are randomly distributed at the supercell interstitials,
nine Oi per supercell (Table IV).

With respect to the electronic structure of the «-Fe,0s3,
the addition of one oxygen atom may be an important tool
to tailor its electronic gap.>' Figures 5(a) and 5(b) present
the DOS of FM and AFM-II structures with an O; in the
small crystal cell scaled to 1/(eV-atom). Comparable to the
oxygen vacancies, the oxygen interstitials have a minor effect
on the overall electronic structure. However, the O; 2 p states in
AFM-II are form-defect states energetically above the valence-
band maximum. Thus, the effect of the 2 p orbital from the O;
atom on the AFM structure promotes a small reduction in the
electronic gap, and an increase in the states near the zero energy
is also observed at the DOS from the FM structure. Thus, the
calculations demonstrate the possibility to control, to some
extent, the band-gap energy without forming defect states in
the gap region. Because the topmost valence states are O; 2p-
like, these spatially localized states imply an inhomogeneity
of the electronic dispersion in the material.

The total energy difference between the AFM-II and FM
phases of a-Fe,03:0; indicates whether the defect destabilizes
the AFM-II phase. For the 3 x 3 x 1 supercell, this energy
difference is 5.1 eV. For a-Fe;03:0; the energy difference is
the same. Thus, low concentration of oxygen interstitial atoms
does not destabilize the AFM-II phase. However, for high

PHYSICAL REVIEW B 88, 045136 (2013)

concentrations, the material becomes more paramagnetic. For
instance, with nine oxygen atoms in the 3 x 3 x 1 cell (i.e.,
a-Fe,03:90;), the corresponding energy difference is only
2.1 eV, though the magnetic moment is only slightly decreased.
The AFM-II phase presents higher defect-formation energy
than in the FM phase, and the addition of more atoms inten-
sified this behavior (Table IV). This indicates, in combination
with the total energy difference of the phases, a higher stability
of the AFM phase even when interstitial oxygen atoms are
added. A comparison of the DOS for the nine-times-larger cell
with a low and high density of defects, illustrated in Figs. 5(c)
and 5(d), corroborates the above statement. The effect on the
DOS by increasing the interstitial oxygen number is followed
by gap reduction due to the new electronic charges on the
system.

D. Hydrogen interstitial

Hydrogen is always present in iron oxide steel-processing
technologies. Depending on the chemical potential, the in-
terstitial hydrogen (H;) can act as an electronic acceptor or
donor in the material.’*3® In this work, H; was added at
an interstitial site of the unit cell [see Fig. 1(d)], where the
gray atom indicates the position of the H;. The addition of
the hydrogen atom may result in a smaller effect on the
local magnetization compared with O; due to its different
electron affinity and valence configuration. This result is
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FIG. 6. (Color online) Spin-dependent total DOS of (a) FM and
(b) AFM-II «-Fe, 05 with one interstitial H; in the 1 x 1 x 1 crystal
cells. The thin (blue) lines represent a-Fe,O5:H;, and the thick (red)
lines indicate the partial DOS of the sole H atom. The DOS is
presented in units of 1/(eV-atom) to illustrate the DOS for the sole
interstitial atom. The corresponding DOS for (¢) FM and (d) AFM-II
a-Fe,0; are presented for one (blue line) and nine (dashed red
line) interstitials H; in the nine-times-larger cell 3 x 3 x 1 supercell.
Similar to the oxygen interstitial (Fig. 5), the presence of well-located
or randomly distributed interstitial hydrogen reduces the «-Fe,O3
energy gap. The gray areas represent the DOS of the intrinsic «-Fe,; O3
material, and all the results are presented with a 0.1-eV Lorentzian
broadening.
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directly observed in the total energy difference between the
FM and AFM-II phases. Whereas oxygen interstitials strongly
stabilize the AFM-II phase, hydrogen interstitials somewhat
destabilize the AFM-II phase: AE, =~ 3.9 eV for a-Fe,03:H;.
Moreover, the defect formation energies of H; are —0.02
and 0.66 eV for the FM and AFM-II phases, respectively,
and the same behavior is observed for the structure with a
high density of interstitial hydrogen atoms (Table IV). The
negative value (though 20 eV) of the defect-formation energy
for interstitial hydrogen atoms is due to approximations of
the chemical potential, neglecting temperature and pressure
dependences. However, the nearly zero formation energy
of H; indicates that hydrogen, as expected, will be easily
accommodated in «a-Fe,O3;. Moreover, it is evident from
Table III that the overall crystal structure is less affected by the
interstitial hydrogen as compared with corresponding oxygen
incorporation. In addition, the local magnetization of the Fe is
not affected by H;, whereas O; decreases the magnetization
in the FM phase. The same behavior is observed for the
3 x 3 x 1 supercells with a low density (one H; per supercell)
and high density (nine H; per supercell), as presented in
Table IV.

Figure 6 presents the DOS of the FM and AFM-II structures
with the H; addition. The topmost valence-band region is
nearly unaffected by hydrogen. The H; 1s states are localized
in the lower part of the valence band. However, the H; defects
form defect unpopulated states energetically just below the
host conduction-band minimum for both the FM and AFM-II
phases. The DOS for «-Fe,03:H; with a random distribution
of nine H;, shown in Figs. 6(c) and 6(d), demonstrates a similar
effect as on the well-located interstitial hydrogen but with some
mitigation of the presented states.
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IV. SUMMARY

To summarize, our DFT/LSDA + US'C studies of intrinsic
and defect-rich hematite a-Fe, O3 demonstrate that the on-site
Coulomb correction of the Fe d is important in achieving an
accurate description of the structural, electronic, and magnetic
properties of a-Fe,Os. Significant changes were observed
in the ground-state energy and magnetization around the
defects with a strong correlation with Hund’s rules. The
most stable ground-state phase is the «-Fe,O3; AFM structure
with opposite spins between the shortest Fe—Fe distances
along the hexagonal ¢ axis and the same spin orientation
between the longest Fe-Fe distances. This structure was in
good agreement with the experimental lattice constant, iron
magnetization, and an expected underestimated electronic gap.
The presence of native defects (vacancies, interstitial oxygen,
and interstitial hydrogen) in the «-Fe,03 structures changes
the bond between Fe—-O and Fe-Fe close to the defects,
implying a reduction of its electronic gap and local iron
magnetization. This material behavior is also observed for the
supercell structure with a more random defect distribution.
The interstitial oxygen strongly stabilizes the AFM phase
while simultaneously decreasing the band-gap energy without
forming defect states in the band-gap region.
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